We have previously shown that cadmium (Cd) and Benzo [a]pyrene (BaP) induced early DNA damages in zebra mussels, and that the level of DNA strand breaks (SB) returned to a basal level after 3 days of exposure to Cd. The aim of the present study was to go further in the mechanisms of Cd and BaP detoxification. For that purpose, expression of genes encoding for metallothionein (MT), Aryl Hydrocarbon Receptor (AHR), P-gP, catalase, glutathione S-transferase and Heat shock protein 70 (HSP70) proteins have been measured using RT-qPCR. Data reported here show that Cd is a strong inducer of MT and HSP70 genes, and that BaP is a strong inducer of P-gP and AHR genes. Exposure to Cd and BaP resulted in moderate changes in antioxidant enzymes mRNA. Since the increase of MT mRNA occured when the DNA SB level returned to its basal level, we can suggest that MT is implicated in cadmium detoxification.
A c c e p t e d M a n u s c r i p t 4 general ecotoxicological endpoint for protein damage and subsequent protective 74 mechanisms [24] .
75
The data presented here are the second part of a article published earlier in which we 76 first shown that zebra mussels exposed to environmentaly relevant concentrations of Cd and
77
BaP displayed DNA damages [25] . Cadmium, as well as Benzo[a]pyrene (BaP), are model 78 environmental contaminants, classified as a human carcinogen by the IARC [26] . Cd shows 79 a co-genotoxic effects in combination with other mutagenic agents such as UV light,
80
alkylating agents and B[a]P in mammalian cells. Cadmium is assumed to be a weak 81 genotoxicant that amplifies the genotoxic effect of B[a]P [27, 28] . Therefore, based on these 82 studies, we wanted to determine whether Cd could have the same effect in mussels. We 
87
The aim of the present study was to go further in the mechanisms of Cd and BaP 88 detoxification to determine why the level of DNA stand breaks return to its basal level. For 89 that purpose, we measured gene expression of several proteins described to be involved in 90 detoxification, such as metallothionein, AHR, P-gP, catalase, SOD and glutathione S-91 transferase. HSP70 gene expression was also measured as a general indicator of stress.
92
Samples analyzed here are frozen samples of the first published study. 
103
CdCl 2 , BaP, DMSO, agarose, trypan-blue and PBS were purchased from Sigma (France).
105

Mussel sampling and maintenance conditions
106
Adult specimens of the zebra mussel Dreissena polymorpha (shell length 25±2 mm) were 107 collected in the East channel (Commercy, France), which is a reference site. Cd 108 concentration in mussels is in good agreement with those usually found in bivalves from 109 clean waters [29] ; BaP was not detected [11, 30] . Mussels were detached from the rock by 110 cutting their byssus threads and carried to the laboratory in their original water. The mussels
111
were randomly placed in a 20-L aerated tank with about 100 specimens each, and 112 acclimatized to Valvert mineral water and temperature (15°C), a day/night lighting system 113 was applied. The mussels were fed every 3 days with algae (Pseudokirchneriella 114 subcapitata) and the water was changed every 2 days. The animals that had not become 115 attached to the tank were removed. The mussels were maintained in the above conditions for 
119
2.3 In vivo exposure of zebra mussels
120
We chose two genotoxicants with different modes of genotoxic action: benzo[a]pyrene, which 121 prevalent mechanism of action relies on DNA adducts, and cadmium for its pro-oxidant
122
properties and its role in the inhibition of DNA repair. In order to work with more 123 environmentally realistic concentrations, the Cd and BaP concentrations used here were low-124 level concentrations equal to the lowest genotoxic concentration published for zebra mussels 125 or marine mussels [6, 32] . A stock solution of CdCl 2 and BaP was prepared in water or pure 
129
wall of the tank, mussels were added after renewing the water. Ten mussels were exposed 130 to BaP at 10 µg /L, Cd at 10 µg /L and to a combination of Cd (10 µg/L) and BaP (1 µg/L) 131 dissolved in 8 L of water for 11 days at 15°C. In order to maintain the chemical concentration 132 constant, water was renewed every 2 days and then contaminated again with chemicals. For 133 each parameters analyzed, four mussels were sacrificed after 0, 12 h, 24 h and 3, 5 and 11 134 days of exposure for further analysis (bioaccumulation, DNA damages and gene expression).
135
Cadmium bioaccumulation, DNA damages and nuclear abnormalities data were already 136 published [25] . Gills of 4 mussels were pooled and frozen for gene expression analysis. 
152
Samples were normalized to Ribosomal S3 gene due to its constant expression [14] . At the 153 end of each PCR reaction a melting curve analysis was carried out to proof assay specificity.
154
PCR efficiency values for reference and tested genes were calculated as described [33] , and 155 assumed to be close to 100% from these calculations. 
163
Tukey post hoc test. Three levels were considered significant: p<0.05 (*), p<0.01 (**) and 164 p<0.001 (***). All statistical analysis was performed with R software.
165
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Results
167
The data published here are the second part of a study published earlier [25] in which we 168 observed an increase of DNA strand breaks in gill cells of mussel exposed to 169 environnementaly relevant concentrations of Cd and BaP (see Table 1 
174
of exposure from 9 µg/g dw after 24 hr of exposure to 45 µg/g dw at the end on day 11 [25] .
176
Strongest changes in the expression of detoxification genes were found for MT, HSP70 and 177 P-gp genes. A significant increased was noticed, up to 6.5, 10 and 17 fold, respectively after 178 5 days of exposure to BaP for P-gp (p<0.001), after 3 days of exposure to Cd and Cd+BaP
179
for MT (p<0.001), and after 11 days of exposure to Cd for HSP70 (p<0.001).
180
It is important to note that DNA strand breaks induced by Cd return to the basal level when
181
MT gene expression started to increase. Indeed, MT mRNA expression increased gradually 182 from day 3 until day 11. The same trend was observed when mussels were exposed to 
195
In contrast, the effect of Cd an BaP was less important on SOD, GST and CAT mRNA levels.
196
More precisely, CAT mRNA was two times decreased after 12 hr of exposure in BaP 197 exposed mussels (p<0.01) and after 24 hr (p<0.001) in Cd and Cd+BaP exposed mussels 198 compared to control. On the contrary, CAT gene was up-regulated, two times, after 3 and 5 199 days of exposure, respectively in Cd+BaP and Cd exposed mussels.
200
GST mRNA was 1.5 time increased after 12 h of exposure to Cd+BaP, and significantly 201 decrease after 3 days and 11 days of exposure to Cd, BaP and Cd+BaP.
202
SOD mRNA was about two times decreased in Cd exposed mussels from the first day until 203 the eleventh day but this was significant only on days 3 and 5. SOD mRNA was 1.5 times 204 increased after 12 hr, 5 and 11 days of exposure to Cd+BaP (p<0.001 and p<0.05) and after 
212
The present study is the second part of a study in which we reported early genotoxic effects 213 of Cd and BaP in gill cells of zebra mussels. We wanted to determine whether stress-related 214 genes and detoxification genes are regulated at the transcriptional level in the hours 215 following genotoxic damage in gills.
216
Tissue-specific differences in gene expression following exposure to metals (Cd,
217
Cu, Hg) and BaP have been published previously [14] [34], hence we focused here on gills in 218 the hours following genotoxic damage. Indeed similar patterns of mRNA abundance were 219 observed between gills an digestive gland in Cd exposed mussels, while in BaP exposed 220 mussels, we noticed an early induction of HSP70, PgP, AHR and SOD mRNA levels in the 221 gills compared to the digestive glands. Therefore, it appears from these studies that gill 
228
which is probably the most interesting result of this study
229
We confirmed that Cd (10 µg/L) is a strong inducer of MT gene, 8 times more than control.
230
Indeed, zebra mussels accumulate Cd at water concentrations as low as 9 µg/liter, excluding 231 the possibility of a homeostatic control [35] , and as a consequence, MT protein is induced 232 [36] . Therefore it appears that MT mRNA induction and MT protein induction are early increase in 233 zebra mussel as Lecoeur et al. [37] observed an early increase of total MT biosynthesis after exposure 234 to Cd (2-20 µg/L). Only one isoform of MT gene has been reported for zebra mussel, the Dp
235
MT [38] . Engelken and Hildebrandt [38] 
256
Cd is known to induce reactive oxygen species (ROS) which in turn lead to DNA strand 257 breaks and Oxidative DNA damage [43] , an effect that we also observed with zebra mussels 258 [25] . MT has two major functions in Cd toxicity inhibition: (i) MT detoxicates the metal by 
277
We observed that Cd up-regulated both MT and HSP70 genes. It is well known that 
281
In Mammals, Cytochrome P450 enzymes are important in the metabolization of 282 xenobiotics, such as PAHs [56] ). Induction of CYP1 is mediated mainly through a specific 283 cytosolic receptor, the aryl hydrocarbon receptor (AHR). Activated AHR is also a transcription 284 factor of other genes that encode phase I and II xenobiotic metabolizing enzymes [57] . Our 285 data confirmed that BaP is a strong inducer of AHR gene as we recently observed [34] . AHR 286 mRNA induction was lower in Cd+BaP exposed mussels, suggesting an interaction between
287
Cd and BaP, as observed for fish and Human hepatocytes. Indeed, it has been shown that
288
Cd decreases the induction of AHR by BaP in that biological models [58, 59] . AHR seems to 289 be implicated in the detoxification of BaP in zebra mussels; as the AHR serves as a 290 transcription factor for enzymes of the CYP450 family, our data suggest that BaP is 291 metabolised by CYP450, as it was recently proposed for pharmaceutical compounds [12] .
292
We observed that exposure to Cd and BaP resulted in moderate changes in 293 antioxidant enzymes, characterized by a slight decrease of mRNA levels of SOD, GST and A c c e p t e d M a n u s c r i p t
13
CAT genes, which suggest a moderate regulation of these genes at the transcriptional level.
295
It is known that Cd induced a depletion of cellular GSH, which could explain the slight 296 decrease of anti-oxidant enzymes mRNA level. We previously observed that when BaP was 297 added in aquaria containing zebra mussels two times a day, animals presented an increase 298 in GST, CAT and SOD mRNA levels after 12h of exposure. In the present study, the same 299 concentration of BaP (renewed every two days) did not induce significant increase of mRNA 300 levels of those genes. As CAT, SOD and GST are the first enzymes induced after animal 301 exposure to xenobiotics, we can suggest that their mRNA levels probably increased before 302 the twelfth hourof exposure which would explain that we have not been able to detect their 303 increase. At the protein levels, data of the literature also appeared to be contradictory, hence
304
it is suggested that catalase activity was dependent on the animal tested, the nature of 
307
BaP whereas mussels collected in a site highly contaminated with PAH exhibited an 308 induction of its expression.
309
The increase of P-gp expression observed in the present study is not surprising as 
351
Control and various treatment groups of mussels were exposed to constant concentration of 
378
Cachot, DNA adduct measurements in zebra mussels, Dreissena polymorpha, Pallas - 
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